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The effects of oxygen flow speed and pressure on the iron and mild steel combustion are investi-
gated experimentally and theoretically. The studied specimens are vertical cylindrical rods subjected 
to an axial oxygen flow and ignited at the upper end by laser irradiation. Three main stages of the 
combustion process have been identified experimentally: (1) induction period, during which the rod 
is heated until an intensive metal oxidation begins at its upper end; (2) static combustion, during 
which a laminar liquid “cap” slowly grows on the upper rod end, and, after the liquid cap detachment 
from the sample; (3) dynamic combustion, which is characterized by a rapid metal consumption and 
turbulent liquid motions. An analytical description of these stages is given. In particular, a model 
of the dynamic combustion is constructed based on the turbulent oxygen transport through the liq-
uid metal-oxide flow. This model yields a simple expression for the fraction of metal burned in the 
process and allows one to calculate the normal propagation speed of the solid metal–liquid interface 
as a function of the oxygen flow speed and pressure. A comparison of the theory with the exper-
imental results is made, and its potential application is mentioned. 
I. INTRODUCTION
Since the 1950s, combustion of metals has attracted much
attention on the account of its numerous practical applications.
This interest is motivated by two important features of this
process, namely, the large heat of combustion and the refrac-
tory nature of metal oxides. The research has been focused
primarily on the propulsion technologies which use metallic
particles as high-energy additives in propellants to increase
the specific impulses and combustion stability of solid rocket
motors.1,2 The refractory nature of combustion products, on
the other hand, has been exploited to synthesize a wide range
of materials, including (nano) powders, intermetallics, com-
posites, and functionally graded materials.3–7 Many important
results have been obtained in these directions which are still
subjects of ongoing intensive experimental and theoretical
studies.8–15
Yet, the large amount of energy released by a burning
metal has undesirable consequences and represents a source
of significant fire hazards, especially when metals are used
in high-temperature and/or high-pressure oxidizing environ-
ments such as those prevailing in nuclear plants and oxygen
supply systems.16,17 The research conducted in metal-fire pre-
vention has mostly consisted of carrying out standard tests
that quantify the relative flammability of different metals, that
is, their relative propensity to sustain combustion of metallic
materials of standardized dimensions in oxygen atmo-
spheres.18 Surprisingly enough, no single test has been devel-
oped to date that could provide either absolute ignition limits
or consistent relative ratings for all materials. The reason is
probably that comparatively few efforts have been devoted to
this topic of basic research which is barely covered in the lit-
erature. Specifically, theoretical attempts to understand and
describe the nature of combustion of bulk metallic materials
have been hardly undertaken,19,20 and to the best of our knowl-
edge, the effect of the melt flow hydrodynamics on the burning
process has never been addressed, although its importance has
been highlighted.21,22
The present contribution is an effort to fill this gap. We
report an experimental and theoretical investigation of initi-
ation and progression of the metal combustion in an oxygen
flow under normal and elevated pressures. The studied speci-
mens are vertical cylindrical rods ignited by heating up their
top surfaces with a laser beam. Vertical cylindrical rods ignited
at the lower end are normally used by the American Society
for Testing and Materials in the standard procedure of test-
ing metal inflammability,18 whereas sample shapes other than
cylindrical might be of greater importance for applications.
The reason to choose our configuration is that it is most suitable
for a detailed study of the metal combustion wave, in partic-
ular, for determination of its normal propagation speed with
respect to the solid metal. The vertical homogeneity provided
by cylindrical geometry allows us to achieve global steadi-
ness of the wave during most part of the process, while its
downward propagation leads to the formation of a well-defined
interface between the solid and liquid phases, which becomes a
nearly planar slope under the action of the combustion products
driven along it by the imposed oxygen flow, thus greatly facil-
itating both the normal speed measurements and theoretical
considerations.
The experiment shows that the combustion process con-
sists of the following essentially different stages. An induction
period, during which the rod is heated up to a temperature at
which an intensive metal oxidation begins at its upper end.
This step is followed by a static combustion regime, during
which liquid metal melted by the laser radiation slowly oxi-
dizes, and a liquid “cap” grows on the upper rod end. Then,
after a slow detachment of the liquid cap from the sample
end, a dynamic combustion begins, which is characterized by
a rapid metal consumption and much faster liquid motions.
This is the main stage of the combustion process, insofar as
most of the metal is burned within it. It turns out to be possible
to give an analytical description of these stages which goes
beyond mere order-of-magnitude estimates and in most cases
provides a satisfactory quantitative account of the results of
observations.
The paper is organized as follows. Section II describes
the experimental setup. In Section III, we present and discuss
our experimental results for pure iron and mild steel samples.
The theoretical description is developed and compared to the
experimental data in Section IV. Section V summarizes our
results.
II. EXPERIMENTAL SETUP AND PROCEDURE
We studied combustion of 3.0 mm-diameter iron and
mild steel rods in an oxygen atmosphere at different pressures
and different oxygen flow speeds. The experimental approach
provides time-resolved surface temperature, ignition temper-
ature, and high-speed imaging of the heating, ignition, and
combustion stages of the metal specimens.
A schematic of the experimental setup used in this study is
shown in Fig. 1. The setup includes a high-pressure combustion
vessel, a high-speed camera, a mass flow controller, and a
continuous fiber laser.
The high-pressure combustion vessel is a 13 l-capacity,
Inconel cylindrical chamber designed to sustain static pres-
sures up to 40 bars and equipped with five silica windows
for optical access. Four windows provide visual access (per-
pendicular and at 45◦, from above, to the cylinder axis),
while the fifth, located at the top of the cylinder, lets the
laser beam pass into the combustion chamber. The pres-
sure inside the vessel is monitored by means of a pressure
sensor.
The materials investigated are extra-pure iron (Goodfel-
low, FE007925, purity 99.99%) and mild steel (S355J2, car-
bon mass fraction 0.2%). The samples are cylindrical rods
15–35 mm in length and 3 mm in diameter. The oxidizing
atmosphere is supplied by an oxygen gas stream (minimum
purity 99.5%) and is carried into the pressure vessel by a
stainless-steel flexible tube before flowing out through the
glass tube at a constant flow rate ranging from 0 to 45 m3/h.
The oxygen flow rate is externally adjusted by a manual valve
and measured by a thermal mass flow meter.
Ignition is effected by heating up the sample’s top sur-
face by a disk laser (TRUMPF TruDisk 10002) operating at
1030 nm. The laser beam is delivered through an optical fiber
with a core diameter of 600 µm, providing a uniform intensity
distribution. The beam is imaged onto the top of the rod by a set
of three lenses (200, 650, and 1000 mm). The circular beam
spot size thus obtained is 3.1 mm in diameter, which ensures a
homogeneous heating of the rod surface. Ignition was achieved
by varying the laser intensity from 40 to 250 MW m2 (cor-
responding to the laser power from 320 W to 2 kW) and the
pulse duration from 5 ms to 1 s.
The sample burning was visualized using a high-speed
camera (Ultima 1024 Photron), with the optical axis perpen-
dicular to the sample axis (position 1), which may operate at a
frame rate up to 4 kHz. Measurement of the top surface tem-
perature of the rod during the ignition and combustion was
achieved by recording the heating radiation emitted by the
burning sample in the 800–950 nm wavelength range, with the
same high-speed video camera (position 2, camera axis tilted
45◦ with respect to the rod axis). Details of the pyrometer cal-
ibration are given in Ref. 23. The camera and the laser were
triggered by the same signal, ensuring synchronous data acqui-
sition. The timer is set so that the instant t = 0 is the beginning
of the laser pulse.
The experiment proceeds as follows. The top surface of
each sample is first treated with a rough sand paper to ensure
sufficient and repeatable absorptivity of the laser radiation.
The sample is then housed inside the vessel, where it is fixed at
FIG. 1. Experimental setup.
its bottom in a small chuck and partly placed inside a borosil-
icate glass tube (with an inner diameter of 16 mm). Next, the
chamber is purged and filled with oxygen at the desired pres-
sure. After that, an extra oxygen is allowed to stream inside the
charged chamber through a glass tube. The rate of the oxygen
flow is adjusted by a manual valve so as to reach the desired
value of the enclosure pressure. Once ready, the triggering
signal is sent.
III. EXPERIMENTAL RESULTS
A. Ignition and burning in a still oxygen atmosphere
As a preliminary step, we studied metal combustion in the
absence of oxygen flow under normal pressure.
The sequence of images in Fig. 2 shows the evolution of
the top surface of a mild steel rod exposed to a 1 kW laser
radiation. On the time interval t . 10 ms, the surface under-
goes a slow solid-state oxidation process at temperatures below
840 K. Above this temperature, the rate of oxidation signifi-
cantly increases as is evidenced by the surface darkening due
to a sharp increase of the surface absorptivity from 0.45 to
0.7.24 This behavior has been observed for iron and mild steel
samples for all laser powers from 180 to 4000 W, though the
temperature at which it occurs increases with the laser power
to about 1000 K at 4 kW.
After this period of slow heating, during which the sample
remains in a solid state, a much hotter luminous zone appears
on the surface. The sharply increased luminosity clearly indi-
cates the metal melting, which is also confirmed by the loss of
granular structure on the surface (see Fig. 3(a) at t = 702 ms).
For a sufficiently low laser power, Fig. 3(a), this area first
appears at the center and then extends over the entire surface.
At higher laser powers, however, melting occurs uniformly
over the surface due to the low surface temperature gradient,
Fig. 3(b). No ignition was ever observed when the irradiation
was interrupted before the onset of melting.
The melting of the top surface was tracked by the high-
speed camera (in position 2) during the laser heating process in
oxygen leading to ignition with various laser powers. Emissiv-
ity of the sample was assumed to be 0.75 when the temperature
exceeds 840 K, in accordance with the absorptivity measure-
ments reported in Ref. 24. Temperature measurements were
averaged over a spot of about 0.5 mm in diameter at the center
of the top surface.
Figure 4 shows typical averaged temperature of an iron
and mild steel rods during the last stage of heating by a 320 W
laser. The curves consist of three clearly distinguished pieces.
Before ignition, piece (A), the rate of the surface temperature
increase is controlled by the laser: it is a resultant of the laser
energy input and the energy loss due to the heat conduction into
the sample bulk (in the present case this rate is approximately
5 × 103 K s1). Piece (B) is characterized by a significantly
larger slope: the rate sharply rises to about 140 × 103 K s1.
This means that a new mechanism of heat production comes
into play, namely, the iron oxidation. Indeed, the rate change-
over occurs at 1650 K, which corresponds to the melting point
of FeO.25 It is thus explained by an enhanced supply of oxy-
gen to the fresh metal. In fact, regarding the species transport,
liquid FeO is characterized by high ion mobilities and is thus
more like a chemical electrolyte rather than a melted com-
pound. In particular, the oxygen diffusion coefficient in liquid
FeO (D ≈ 4 · 10−3 cm2 s1 at T = 1900 K33) is several orders
of magnitude larger than that in solid FeO (which is about
(106-105) cm2 s1 at T = 1000 K to T = 1500 K), a thin
layer of which covers the metal and grows during the heating
stage prior to ignition. Our experiments show that this layer
retains its protective properties up to 1650 K for all laser pow-
ers in the range 180 W to 2 kW. Furthermore, we observed
a similar behavior of iron rods under elevated oxygen pres-
sures (10 and 20 bars). This is as it should be according to
the above explanation, for the melting point of FeO changes
insignificantly with pressure.26
But shortly after the sharp rise, the heating rate drops down
to approximately the same value as in (A), which happens at
around 2300 K. This means that above this temperature, on
piece (C), the heat released by iron oxidation is spent almost
completely on the iron melting. The iron melting point itself,
Tm = 1811 K, is not distinguished in any way on the plots of
Fig. 4, because of the latent heat. The heat of iron fusion is Qm
= 13.8 kJ mol1, while its heat capacity cp = 25.1 J (mol K)1,
so that the iron melting fully establishes only at a temperature
Ta = Tm + Qm/cp ≈ 2360 K, and then begins to spread down
the rod. As the result, a liquid drop grows at the upper rod
FIG. 2. Top surface of a mild steel rod
during laser heating at 1 kW in still
oxygen.
FIG. 3. Top surface of a mild steel rod
during laser ignition: (a) 180 W, (b)
1.5 kW.
FIG. 4. The top surface temperature of iron and mild steel rods during laser
irradiation at 320 W in oxygen.
end, while its apparent temperature (that is, temperature of the
drop’s top surface) continues to rise, though in a much less
regular way, because of the more complicated heat transfer
in the moving melt. It can reach values as high as 2900 K,
depending on the laser power and the exposure time.
A close coincidence of the two curves in Fig. 4 demon-
strates that the heating and ignition of iron and mild
steel rods proceed essentially in the same way not only
qualitatively but also quantitatively. This implies, in par-
ticular, that the possible effect of CO formation in the
case of mild steel is negligible. We will have more to say
regarding this point later on in Sec. IV C 1.
Once the laser ceases, only the heat from the oxidation
reaction is transferred to the rod. If it is not enough to melt
the fresh metal, the burning liquid gradually cools down and
eventually extinguishes. Otherwise, the combustion enters in a
self-sustained regime when the fresh molten metal is delivered
into the burning drop until it detaches from the rod, leaving a
small amount of molten material on its top. In this case, the
liquid temperature decreases and settles at approximately 2400
K. The cycle of the drop growth and its detachment then repeats
itself until the sample is consumed. Time-resolved images of
both situations are shown in Fig. 5, for pure iron and the laser
power of 640 W. A comprehensive description of this process
using the phase diagram of the iron-oxygen system is given in
Ref. 27.
B. Burning in an oxygen flow. Normal pressure
We now turn to the combustion of metal rods subject to
an oxygen flow. Our aim is to study the effects of the oxygen
flow speed and its pressure.
Figures 6–8 are sequences of images of mild steel rods
burning in oxygen flowing at speeds from v0 = 1.7 m s1 to
v0 = 60 m s1 and various laser powers. In all tests performed,
the combustion process ultimately evolved into one of the two
different self-sustained regimes. At the low flow speeds v0 .
1.7 m s1, Figs. 6(a) and 6(b), the rod burning is quite similar to
that observed in the experiments with no oxygen flow, that is,
consumption of the rod proceeds through the cycle of growth
and detachment of a liquid cap. The detached molten material
was often observed to precess around the burning rod as it was
running down along it. A different behavior was observed for
v0 & 2 m s1. Figures 6(c), 6(d), 7, and 8 show that in this case,
the liquid continues to flow down after the drop fall, which
leads to a gradual erosion of the rod on one of its sides with an
increasingly steep slope. It never progresses in a symmetrical
way with respect to the rod axis.
The measured temperature and position of the upper end
of a mild steel rod are plotted against time in Fig. 9. The upper
end position, x(t), is defined hereinafter as the vertical distance
between an initially horizontal top surface of the rod before
ignition and its highest point at instant t. In all cases presented
in this figure, the laser is switched off once the sample was
ignited so that the subsequent rod burning is self-sustained.
We observe that
• The onset of propagation (indicated in the graphs by
“fall of the liquid”) always corresponds to a consider-
able decrease of the surface temperature which varies
significantly with the oxygen flow speed: whereas it is
in the range 2250–2500 K for v0 = 10 m s1, it drops
down to 1950–2100 K for v0 = 60 m s1.28
• The rate of rod regression grows rapidly with the
oxygen flow speed.
• The temperature and position curves for v0 > 10 m s1
show a good collapse upon matching the moments
corresponding to the onset of dynamic combustion.
The last observation means that for sufficiently large
oxygen flow speed, the properties of dynamic combustion are
FIG. 5. Infrared images (800-950 nm)
of a pure iron rod while burning in
the static combustion regime (640 W)
for pulse durations of (a) 130 ms lead-
ing to extinction; (b) 150 ms leading to
self-sustained combustion and then to
propagation (modified contrast).
FIG. 6. Infrared images (800–950 nm)
for the propagation of combustion on
mild steel rods for different oxygen flow
speeds and different laser powers. The
laser input energies are at the propaga-
tion thresholds.
independent of the preceding rod evolution, in particular, of
the laser power and other specifics of ignition. The main
goal of the subsequent theoretical development is to describe
analytically these properties, in particular, to account for the
observed increase of the metal consumption rate with the oxy-
gen flow speed. Experimental results on the rod combustion
under elevated pressures will be presented afterwards.
IV. ANALYTICAL DESCRIPTION OF THE
ROD COMBUSTION
The series of side-view images in Fig. 10 represents a
typical history of the rod evolution showing its main stages:
an induction period preceding the static combustion, an initial
development of which is seen on the second frame, and which
ends at t = 438 ms with the fall of the liquid cap; it is followed by
the rapid dynamic combustion characterized by a large slope
of the interface between solid metal and thin liquid flow. In
this natural order, these stages are described analytically in
Secs. IV A–IV C, respectively.
A. Induction stage
According to the above-described experimental condi-
tions, we consider an iron or steel cylindrical sample placed
vertically and assume that its length, L, is much larger than
the diameter d of its circular cross section. Let the upper end
of the sample be laser-irradiated for a time te, the power I
of the electromagnetic radiation being uniformly distributed
FIG. 7. Same as in Fig. 6.
across the top surface and constant during the exposure time,
Fig. 10. The process of sample heating can be considered as
one-dimensional, because the top surface is perpendicular to
the sample axis, the radiation heat loss is easily seen to be neg-
ligible, and the sample is initially homogeneous (in particular,
its initial temperature T0 is uniform). Therefore, it is described
by the following equation:
∂T
∂t
= χ
∂2T
∂x2
+ αδ(x), α = 2I
ρcps′
, (1)
where x is the axial co-ordinate, χ, ρ, and cp are the metal
thermal diffusivity, density, and specific heat, respectively,
s = pid2/4, and Dirac’s function describes the heat release
due to the irradiation of the surface x = 0. Assuming χ, ρ, cp
independent of temperature, the solution of this equation, sat-
isfying given initial (T = T0 at the initial instant t = 0) and
boundary conditions (absence of heat losses at the sample
surface), reads
T (x, t) = T0 − α |x |2χ +
α
4
√
pi χ3t
+∞∫
−∞
dx′ |x′ | exp
{
− (x − x
′)2
4χt
}
.
(2)
The integral over x′ is to be taken here over a domain symmetric
with respect to the origin to guarantee the vanishing of the
heat flux at the upper rod end, whereas extending this domain
over the whole infinite line means the neglect of the lower end
effects.
As intensive metal oxidation (i.e., ignition) begins once
the protective layer of the metal oxide is melted, the ignition
time, ti, is equal to the exposure time needed to reach the
FeO melting temperature, T ′m = 1650 K, at the surface x = 0.
FIG. 8. Same as in Fig. 6.
Therefore, we find from Eq. (2)
T ′m − T0 =
α
4
√
pi χ3ti
+∞∫
−∞
dx′ |x′ | exp
{
− x
′2
4χti
}
= α
√
ti
pi χ
which after substitution of the expression for α yields the
induction time
ti =
pi χ
4
[
ρcp(T ′m − T0)s
I
]2
. (3)
Since the thermal diffusivity of metals noticeably depends on
temperature, this formula can be used to compare ti for differ-
ent I with χ set to some mean value (dependent on T ′m) specific
to the given material.
For the purpose of experimental verification, it is conve-
nient to rewrite this formula by noting that it implies a linear
relation between the inverse laser power and the total energy,
E = Iti, transferred to the sample during the induction period,
namely,
E =
β
I
, β ≡ pi χ
4
[
ρcp(T ′m − T0)s
]2
. (4)
E versus I1 for an iron rod with d = 3 mm is plotted in
Fig. 11. For comparison, data for a stainless steel (316L, 17%
chromium content by mass) rod of the same dimensions are
also shown. It is seen that stainless steel requires about 1.5
more energy than iron to ignite. This is because of the much
higher temperature required to melt the protective oxide layer
(Cr2O3, T ′m = 2708 K) [though the thermal diffusivity of stain-
less steel is several times lower than that of iron at room
temperature, the difference is much smaller at higher tempera-
tures relevant to ignition, and the effect of the factor (T ′m − T0)2
in Eq. (4) overrides that of the χ-factor].
B. Static combustion
Subsequent to ignition is the stage of static combustion.
As we have seen, during this stage liquid metal melted by
the laser radiation is slowly oxidized, the energy released in
the chemical reaction being spent primarily on further reheat-
ing of the liquid cap growing on the upper rod end. The heat
outflow from this region to the solid part is weak despite the
temperature rise, because the cap thickness is comparatively
large (of the order of the rod diameter), so that the temperature
gradient is relatively small. The shape of the cap and its kine-
matics are controlled by the surface tension and gravity. The
latter affects the liquid in two ways: one is the usual bulk force
acting on each liquid element and the other is the baroclinic
effect—gravity-induced vorticity generation. The value of the
liquid velocity curl, ω, generated on crossing the solid–liquid
interface is29
ωg =
θ − 1
θ
g sin ϕ
un
. (5)
where g is the gravity acceleration, un the normal speed of
the solid–liquid interface relative to the cold solid, ϕ its local
inclination angle with respect to the horizontal, and
θ =
ρ
ρl
ρ (ρl) being the solid (liquid) density. Vorticity of the liquid
elements will be further amplified as they travel from the solid–
liquid interface into the bulk, by essentially the same baroclinic
mechanism, due to the temperature increase (hence, density
decrease) away from the interface.
If the solid–liquid interface remains horizontal (ϕ = 0),
then ωg = 0 and nothing prevents the cap from flowing down
the rod when the surface tension fails to hold the cap, that
is, when its size exceeds the rod diameter by more than the
capillary length. Because of the surface tension, the liquid does
not fall as one layer spreading uniformly around the rod but
FIG. 9. Temperature and position of the rod’s top surface against time for different oxygen flow speeds. The curves in (b), (d), and (f) are the same as in (a), (c),
and (e) but shifted in time so that t = 0 corresponds to the fall of the liquid.
rather tends to gather in one drop that falls on one side of the
rod. This brings uncontrollable asymmetry into the process.
Things get more complicated when the solid–liquid inter-
face becomes inclined during the liquid cap evolution (again,
azimuth of the inclination with respect to the rod axis is uncon-
trollable). The point is that the local rotation of the liquid
elements, generated by the baroclinic effect, tends to roll them
up the inclined interface (that is, the rotation is counterclock-
wise on the sketch shown in Fig. 12 so that its angular velocity,
equal toω/2, is positive). According to the Thomson theorem,
velocity circulation is conserved in an ideal constant-density
flow in the presence of a homogeneous gravity field, which
in the simplified two-dimensional representation of Fig. 12
corresponds to the conservation of ω. As was just mentioned,
the liquid density is not constant, but the density gradient is
such that ω is further increased as the liquid elements travel
away from the solid–liquid interface. On the other hand, a
liquid flowing down along the rod would have ω of the
opposite sign. In a truly two-dimensional flow, therefore, the
liquid cap would have to “wait” until this vorticity is decayed
by the viscous friction, before it starts to move along an
inclined surface. In the actual three-dimensional situation,
however, vorticity may reverse its sign without assistance of
the viscous forces, via fragmentation of the flow into vertical
cells leaning over in the transverse direction, which results in a
vorticity flip-over. In any case, the cap motion is comparatively
slow as it is driven by the slow ordinary oxygen diffusion and
heat conduction in a laminar flow. In view of this, it can be
naturally called a slow onset of dynamic combustion.
The cap detachment becomes more rapid in the pres-
ence of a downward oxygen flow, because of the viscous
drag exerted on it by the gas. Also, if the flow speed is high
enough to turbulize the liquid, the oxygen consumption rate
greatly increases because the oxygen transfer through the liq-
uid flow is enhanced by the turbulent pulsations. We then have
a fast onset of dynamic combustion. A quantitative criterion
FIG. 10. Regression of a carbon steel rod in an oxygen flow of 10 m s1
speed.
distinguishing the two cases is the minimal shear stress of
the oxygen flow required to compensate the baroclinic vortic-
ity, τ = ηωg (η—dynamic viscosity of the liquid). Writing
τ = ρ0v
2∗ , where ρ0 is the oxygen density, the corresponding
friction velocity v∗ can be estimated using the law of the wall
discussed in Sec. IV C.
C. The theory of dynamic combustion
The experimental evidence presented in Sec. III B is that
in a sufficiently fast oxygen flow, the slow detachment of a
liquid cap from the upper rod end gives way to an entirely dif-
ferent combustion regime, the dynamic combustion, which is
characterized by a rapid consumption of the metal. The slope
ϕ of the solid–liquid interface is now large, the liquid mix-
ture of melted metal and oxide streaming down along it as
is illustrated by the right half of Fig. 10 and schematized in
Fig. 13. The vertical propagation speed of the interface in the
laboratory reference frame, u = dx/dt, is typically 1 cm s1
FIG. 11. Total energy required to ignite iron (solid line, crosses) and stainless
steel (broken line, open circles) rods of 3 mm diameter as a function of inverse
laser power. Lines represent best linear fits, marks—experimental data.
FIG. 12. Flow structure in the liquid cap on inclined interface. Shown are two
neighboring stream lines right after they crossed the interface (broken lines)
and a rotating fluid element.
to 10 cm s1, but the liquid flow velocity, 3, is significantly
higher—usually by a factor of 10 to 102, depending on the
oxygen flow speed and pressure. By this reason, the liquid
layer thickness, h, is small compared to the interface length,
being normally less than 1 mm. The quantities u and ϕ can be
used to find the normal propagation speed of the solid–liquid
interface relative to the solid according to un = u cos ϕ, which
is the primary aim of the subsequent consideration.
FIG. 13. Schematics of the upper rod end in the regime of dynamic combus-
tion.
As the described change of the burning regime is caused by
the oxygen flow, it is its interaction with the liquid metal-oxide
that drives the combustion process. The main characteristic of
this interaction is the friction velocity v∗ that determines the
shear stress exerted on the liquid by the flow and which can be
estimated using the law of the wall
v0 ≈ 2.5v∗ ln v
2∗ d
v0ν0
, (6)
where ν0 is the kinematic viscosity of the oxygen flow. The
argument of the logarithm in this formula is the ratio of the
boundary layer thickness and the viscous layer thickness, esti-
mated as v∗d/v0 and ν0/v∗, respectively. As these are only
rough estimates, accuracy of this asymptotic formula is only
logarithmic, that is, it requires the logarithm be sufficiently
large. [It is known that the mean velocity profile of the bound-
ary layer flows at not too large Reynolds numbers is often
better approximated by a power—rather than the logarithmic
law.30 However, a few-percent difference between the two
approximations is well within the accuracy of the subsequent
applications of Eq. (6).]
The following observation is of major importance for the
analytical description of the dynamic stage. The thermal dif-
fusivity of solid iron or steel is about 0.1 cm2 s1 so that for a
sample of several centimeters in length, the dimensionless ratio
uL/χ  1. Substituting L = u∆t, where ∆t is the combustion
time, we conclude that the dynamic stage is characterized by
u2∆t
χ
 1. (7)
This condition means that during most part of the combus-
tion process the heat transfer can be treated as quasi-steady in
the rest frame of the solid–liquid interface. Indeed, the heat
transfer in the bulk of the sample obeys
∂T
∂t
+ (u∇)T = χ∆T . (8)
If the first term on the left of this equation was larger than
the second, during a time of the order of ∆t (which is the only
characteristic time in the rest frame of the solid–liquid interface
held at a constant temperature Tm), the temperature would be
appreciably raised at distances∼√χ∆t from the upper rod end.
But then the ratio of the first term on the left of Eq. (8) to the
second would be
√
χ/u2∆t  1, contrary to the assumption.
Therefore, under condition (7) ∂T/∂t can be omitted, and the
characteristic thermal length along the rod is actually χ/u, as
found by comparing the second term with the right-hand side
of Eq. (8).
1. Thermal structure of the liquid layer
The images in Figs. 6–8 clearly demonstrate the pres-
ence of rapidly changing irregular structures on the liquid
surface, and the more detailed video records show that the
liquid moves chaotically as it flows along the solid–liquid
interface, its velocity fluctuating in the spanwise as well as the
streamwise directions. This apparent irregularity suggests that
the liquid dynamics is turbulent, which is further confirmed by
estimating the flow Reynolds number. According to the general
recipe, this number can be calculated as Re = ∆v∆l/ν, where
∆v is the change of the liquid velocity along a characteristic
distance ∆l, and ν is its kinematic viscosity. In the frame of
reference attached to the solid–liquid interface, the velocity
component parallel to the interface changes from (−u sin ϕ) to
about 10–102 times u at the distance of order d/ cos ϕ, so that
the product ∆v∆l ≈ (10–102)ud. On the other hand, kinematic
viscosity of the liquid iron is rather small, ν ≈ 5 × 10−3 cm2
s1 31 (viscosity of the iron oxide at the temperatures of inter-
est is about the same value32). Therefore, Reynolds number of
the liquid flow is large
Re ≈ 103 − 104, (9)
indicating turbulent conditions indeed. It can be added in this
connection that the flow under consideration is inherently
unstable also due to the vorticity effects discussed in Sec. IV B,
which evidently provide the triggering and amplification of the
turbulence.
An immediate important consequence of the above obser-
vation is that the oxygen transport in the liquid is the turbulent
diffusion. Since the oxygen flow is also turbulent, the oxy-
gen entrainment into the liquid proceeds primarily through the
turbulent mixing at the liquid–oxygen interface. Since the tur-
bulent transport delivers oxygen into the bulk of the liquid, it is
far more efficient than the ordinary diffusion which under the
present conditions affects only a thin surface layer because of
the smallness of the oxygen diffusion coefficient (D ≈ 4 ·10−3
cm2 s1 at T = 1900 K33). This mechanism is sketched in
Fig. 14. Turbulent motions at the liquid–oxygen interface
enrich the liquid in the near-interface region with oxygen,
which is shown in the figure as a brightening of the liquid
breakers (that is, portions of the liquid which are strongly
involuted by the turbulent liquid–oxygen interaction). Oxy-
gen absorption at the liquid surface does not limit the process
of enrichment because it is particularly fast due to a very strong
affinity of oxygen to the liquid iron. The thickness of the
oxygen-rich region is ∼ν/v∗, which is the size of the small-
est eddies in the liquid, typically .1 µm (the corresponding
eddies in the gas flow are of much larger size ν0/v∗). It is only
at this scale that the ordinary oxygen diffusion acts by assist-
ing the saturation of the smallest eddies with oxygen. In fact,
FIG. 14. Schematics of the turbulent oxygen diffusion in the liquid metal in
the regime of dynamic combustion.
since ν and D are of the same order, the characteristic diffu-
sion length (the penetration depth) during the smallest eddy
turnover time, ν/v2∗ , is lD =
√
Dν/v2∗ ≈ ν/v∗, which is just the
smallest eddy size. This oxygen is continuously transported
from the surface layer into the bulk by the larger eddies, most
efficiently by the ones of the largest size h.
Thus, the metal oxidation rate during dynamic combustion
is controlled by the rate of the turbulent mixing of oxygen
with the liquid at the liquid–oxygen interface, which in turn is
determined by the oxygen concentration and its speed.
Taking into account the thinness of the liquid layer, con-
sideration can be simplified by replacing the mean oxygen
concentration, c, by its average value c¯ across the layer. Also,
the rod can be replaced by a bar (with a square cross section)
of the same dimension. This is possible by virtue of the tur-
bulent nature of the liquid flow and the fact that the relation
between the layer thickness and geometry of the solid–liquid
interface is ultimately fixed by the overall mass conservation
(this is in contrast to the laminar burning of vertical rods in
the absence of oxygen flow, where the liquid tends to “climb”
along the sample edges34,35). We thus have the following equa-
tion for the temperature distribution in the liquid in the regime
of quasi-steady dynamic combustion
χ
∂2T
∂ξ2
+
Qwc¯
cpn
= 0, (10)
where the ξ co-ordinate is along the normal to the solid–liquid
interface, Q is the heat of iron combustion, n is the number den-
sity of iron atoms, and 4 is the reaction rate. The latter can also
be taken constant throughout the liquid, for the following rea-
son. In the regime under consideration, the metal oxide fraction
in the liquid mixture is relatively low—it does not exceed 20%
[cf. Eq. (18) below]. The apparent activation energy of iron oxi-
dation, E, in this case is also comparatively small, about 30 kJ
mol1.36 Therefore, the characteristic temperature interval at
the iron melting point (Tm = 1811 K)
∆T =
RT2m
E ≈ 900 K
is large compared to the temperature difference across the
liquid layer, which is normally 100 to 500 K, so that the
corresponding variation in w is negligible indeed.
The boundary conditions for T (ξ) are
T |ξ=0 = Tm, (11)
∂T
∂ξ
ξ=0 = u cos ϕχ
(
Tm − T0 + Qm
cp
)
, (12)
∂T
∂ξ
ξ=h = 0. (13)
Equation (13) is the expression of zero heat loss from the liquid
to the atmosphere, whereas Eq. (12) is obtained by integrating
the steady equation
− u∂T
∂x
= χ∆T (14)
over the whole solid domain, and taking into account that
T |x=+∞ = T0; the temperature and its normal derivative are
constant along the solid–liquid interface; and finally, the heat
flux,−χρcp∂T/∂ξ, has a jump at this surface equal to the mass
flux of metal, ρu cos ϕ, times the heat of metal fusion, Qm.
Solution of Eq. (10) satisfying condition (13) is
T (ξ) = Ta − Qwc¯2χcpn (ξ − h)
2
, Ta = const. (15)
Condition (12) then yields
u cos ϕ
hχ
(
Tm − T0 + Qm
cp
)
=
Qwc¯
χcpn
, (16)
while condition (11) gives the temperature at the liquid surface,
Ta,—the apparent temperature of the upper rod end
Ta = Tm +
hu cos ϕ
2χ
(
Tm − T0 + Qm
cp
)
. (17)
An important consequence of relation (16) is the expression
for the metal oxide fraction in the liquid, f, which can be found
as the ratio of the iron oxidation rate, c¯whd2/ cos ϕ, to the total
iron consumption rate, ud2n. It follows from Eq. (16) that
f = Qm + cp(Tm − T0)Q . (18)
For iron, Qm = 250 J g1, Q = 6000 J g1, and cp = 0.45 J
(g K)1 so that f = 15.5% for T0 = 300 K.
It is to be noted that the meaning of Eq. (18) is essentially
integral, in that the value of f is independent of the actual
oxygen distribution across the liquid. In fact, for an arbitrary
c(ξ), it is readily found from Eqs. (10) and (13) that
∂T
∂ξ
=
Qw
χcpn
h∫
ξ
dξ ′c(ξ ′) .
Equation (12) then again yields Eq. (16) in which now
c¯ =
1
h
h∫
0
dξc(ξ),
and relation (18) follows as before.
At this point, it is worthwhile to further discuss the pos-
sible influence of the carbon oxidation on the combustion
process. Reaction
FeO + C→ CO + Fe (19)
taking place in the liquid along with the iron oxidation is well
known because of its importance in the oxygen steel making.
It results in a reduction of FeO according to the fraction of
carbon in the liquid. Now, the mild steel used in our exper-
iments has less than 1% of carbon, whereas the fraction of
iron oxidized during dynamic combustion is f = 15.5%, as we
just saw. Thus, although the fraction of iron that is actually
burned is comparatively small, it is still much larger than that
subjected to the process (19). Because of this smallness, the
resulting changes in the fraction of iron oxide and in the heat
release can be neglected. Furthermore, the CO gas released
in the process is constantly removed by the oxygen flow, and
therefore it does not affect the oxidation process. This situation
can be contrasted to that in the laser oxygen cutting where even
a small fraction of impurities in the oxygen flow can affect the
process by accumulating from the atmosphere on the metal
surface. To conclude, CO production affects neither static nor
dynamic combustion of mild steel.
2. Structure of the liquid flow near the
solid–liquid interface
As was discussed above, the liquid metal/oxide flow is
essentially turbulent. Yet, it must be laminar in an immediate
proximity of the solid–liquid interface because of the condi-
tions existing thereat. This fact is important as it allows one
to relate the interface slope to its propagation speed. The solid
metal moves uniformly upward (with the speed u in the rest
frame of reference of the interface), while the liquid velocity
at the interface is uniquely determined by the conservation of
mass and momentum. Namely, the velocity component normal
to the interface increases by the factor of θ = ρ/ρl, whereas the
tangential component is continuous. In the system of Carte-
sian co-ordinates (η, ξ) [see Fig. 13], this gives for the liquid
velocity v = (vη , vξ )
vη = −u sin ϕ, vξ = θu cos ϕ at ξ = 0. (20)
These relations represent boundary conditions for the turbulent
flow in the bulk of the liquid. This flow is governed by the
continuity and Navier-Stokes equations
div v = 0, (21)
∂v
∂t
+ (v∇)v = − 1
ρl
∇p + g + ν∆v. (22)
Let ω denote the mean vorticity established, through the
viscous drag, in the liquid by the external oxygen flow, ω
= 〈rot v〉. In the steady-on-average flow, this quantity is con-
stant throughout the liquid layer. This follows from the con-
servation of velocity circulation and the fact that any non-
uniformity in ω decays due to internal friction. In particular,
it has the same value near the solid–liquid interface where the
flow is truly two-dimensional. If, in addition to that, it is truly
steady there, it obeys
∂vη
∂η
+
∂vξ
∂ξ
= 0,
∂vξ
∂η
− ∂vη
∂ξ
= ω, (23)
vη
∂vη
∂η
+ vξ
∂vη
∂ξ
= − 1
ρl
∂p
∂η
+ g sin ϕ + ν∆vη , (24)
vη
∂vξ
∂η
+ vξ
∂vξ
∂ξ
= − 1
ρl
∂p
∂ξ
− g cos ϕ + ν∆vξ , (25)
where ω is the given constant value of ω = (0, 0,ω), and p is
the liquid pressure. An obvious solution of this system reads
vη = −ωξ + const, vξ = −g sin ϕ
ω
, p = −ξ ρlg cos ϕ.
(26)
It can be shown that this solution is unique under the con-
dition of vanishing pressure gradient along the solid–liquid
interface (unrestricted liquid flow). As was mentioned, it is
valid only in a vicinity of this interface where the liquid flow
is laminar. Now, the first of the boundary conditions (20) gives
const = −u sin ϕ, while the second leads to the following rela-
tion between the inclination angle, induced vorticity, and the
speed of rod burning
tan ϕ = −ωθu
g
. (27)
It is to be noted that the solid density change due to the rod pre-
heat is not to be taken into account in this formula: the product
ρu is constant by virtue of the same mass-flux conservation
that led to the appearance of the factor θ in Eq. (27); on the
other hand, as defined, u is also the speed of the upper rod end
with respect to its lower end, that is, the cold metal. Therefore,
θ = ρ/ρl is to be calculated with ρ at T = T0. At the same
time, ρl is to be taken at T = Tm, as Eq. (27) is a consequence
of the flow equations near the solid–liquid interface.
Taking the run shown in Fig. 10 as an example, substitu-
tion of d = 0.3 cm, ν0 = 0.15 cm2 s1, and v0 = 10 m s1 into
Eq. (6) gives v∗ = 120 cm s1. With η = 3.5 ·10−2 g cm−1 s1,
ρ0 = 1.2·10−3 g cm3, we then findω = −ρ0v2∗ /η ≈ −500 s1.
Inserting this together with θ = 1.12 and the value u = 1 cm
s1 measured on the interval 500 ms to 700 ms into formula
(27), one finds tan ϕ = 0.57 or ϕ = 30 o.
It should be stressed that in addition to the conditions
identified in Sec. IV C 1, derivation of Eq. (27) assumes that
the flow near the solid–liquid interface is steady. While the
steadiness-on-average of the bulk liquid flow is a natural con-
sequence of its comparatively fast (turbulent) dynamics, so
that it is readily established at any given ϕ , 0, the flow near
the interface may or may not be truly steady. Our observa-
tions show that the inclination angle monotonically increases
in time, with a more or less extended plateau which presum-
ably corresponds to the steadiness condition at the interface.
To clarify this point would apparently require a joint stability
analysis of the heat and mass transfer near the interface.
3. Oxygen concentration in the liquid layer
Oxygen transport in the liquid layer is described by the
following equation for the concentration of oxygen atoms, C:
∂C
∂t
+ (v∇)C = D∆C − wC.
As was already noted, the ordinary diffusion term D∆C can
be omitted as it is negligible compared to the turbulent contri-
bution. Decomposing the fluid velocity and concentration into
the mean and fluctuating parts
v = 〈v〉 + v˜, C = c + c˜, c ≡ 〈C〉,
and recalling that c = c¯ (see Sec. IV C 1), one finds
∂c˜
∂t
+ (〈v〉∇)c˜ + (v˜∇)c˜ = −w(c¯ + c˜).
Statistical averaging of this equation gives
〈(v˜∇)c˜〉 = −wc¯. (28)
According to the definition of c¯, the left hand side is to be fur-
ther averaged over the volume V of the liquid layer. Rewriting
the volume integral as a surface integral with the help of the
flow continuity (div v˜ = 0), we obtain
〈(v˜∇)c˜〉 = 1
V
∫
V
dV (v˜∇)c˜ = 1
V
∫
S
(dsv˜)c˜, (29)
where ds is the element of the layer surface S, directed out-
wards of the liquid. Whenever a turbulent fluctuation shifts
the local surface position towards the liquid (as in Fig. 15),
that is, (dsv˜) < 0, the fluctuation in the oxygen concentration
brought in thereby equals to (2c0 − c¯), while for (dsv˜) > 0,
FIG. 15. Schematics of the enrichment of the liquid metal with oxygen used
in evaluating the integral on the right of Eq. (29). Shown is a fluctuation of
the liquid–gas interface produced by an eddy of smallest size ν/v∗, where v˜
denotes a velocity fluctuation of the order v∗.
the fluctuation c˜ = (c¯ − 2c0). Here c0 is the concentration of
oxygen molecules in the ambient gas flow, and the factor of
two accounts for the chemical adsorption of oxygen atoms.
Neglecting c¯ in comparison with c0, we thus have∫
S
(dsv˜)c˜ = −2c0
∫
S
ds|v˜n |,
where v˜n is the normal to the surface component of fluctuat-
ing liquid velocity. By virtue of the boundary conditions at the
liquid–gas interface, this is also the normal velocity compo-
nent of the gas flow. Substituting this in Eq. (29), writing V
= hS, and putting the result in Eq. (28) yield the mean oxygen
concentration in the liquid
c¯ =
2c0v∗
wh , v∗ =
1
S
∫
S
ds|v˜n | . (30)
The quantity 1S ∫
S
ds|v˜n | appearing in this formula is denoted
v∗ because it is the velocity fluctuation averaged over the
liquid–gas interface, which is nothing but an estimate of the
friction velocity [introduction of an order-of-unity proportion-
ality coefficient in this relation would amount merely to a
redefinition of that in the law (6), which itself is well-known to
be nonunique; the value 2.5 (corresponding to the “canonical”
value 0.4 of the Ka´rma´n constant) is used in this law because
it yields satisfactory fit to the experimental data, see Sec. V
below].
Although the above integral calculation is a direct expres-
sion of the idea of turbulent transport, it is perhaps worth to
relate it to the more conventional differential formulation. In
the latter, the average 〈v˜c˜〉 is postulated to be proportional to
the mean concentration gradient,
〈v˜c˜〉 = −Dt∇c,
where Dt is the coefficient of turbulent diffusion. The right
hand side of Eq. (29) then becomes
− Dt
V
∫
S
(ds∇c) = −Dth
∂c
∂ξ
ξ=h. (31)
The mean concentration increases from zero to 2c0 between the
solid–liquid and liquid–gas interfaces. Therefore, estimating
the concentration gradient by 2c0/h, Eq. (28) gives
c¯ =
2c0Dt
wh2
, (32)
and comparison with Eq. (30) yields an expression for the
turbulent diffusion coefficient
Dt = v∗h.
This expression is obviously in accordance with the view on the
oxygen diffusion as a large-eddy transport of local fluctuations
in the oxygen concentration which are caused by the turbulent
velocity pulsations of the order v∗ at the liquid-gas interface.
a. Normal speed of metal burning. The obtained results
allow us to express the normal speed of the solid–liquid inter-
face as a function of the imposed flow conditions. By combin-
ing Eq. (30) with Eq. (16), we arrive at the following formula
for un = u cos ϕ:
un = v∗
2c0
fn , (33)
where f is given by Eq. (18). In analogy with premixed com-
bustion of gases, this quantity can be called the local rate of
metal burning, though the actual volumetric rate of metal oxi-
dation is fun, while the number of iron atoms oxidized per unit
time per unit area of the solid–liquid interface is
fnun = 2v∗c0 . (34)
As an example, under normal pressure and temperature,
c0 = 2.4 × 1019 cm3, whereas the density of atoms in the
liquid iron n = 7.4 × 1022 cm3 so that c0/n = 0.32 × 10−3;
in the case of Fig. 10 (v0 = 10 m s1, v∗ = 120 cm s1),
Eq. (33) yields un = 0.5 cm s1.
b. Normal speed in the absence of oxygen flow. Since the
oxygen gas density is proportional to its pressure, c0 ∼ p0, a
self-sustained propagation of the reaction is possible at ele-
vated oxygen pressures, p0, even in the absence of an oxygen
flow. The propagation speed in this case is lower, as the liquid
velocity fluctuations at the liquid–gas interface are now only
due to the turbulent motion caused by the decaying baroclinic
vorticity, |v˜n | ≈ ωgh. Substituting this for v∗ in Eq. (33) and
using Eq. (5) give an estimate for the normal speed
un ≈ θ − 1
θ
g sin ϕ
un
2c0h
fn ,
or
un ≈
√
θ − 1
θ
2c0hg sin ϕ
fn . (35)
Thus, the normal speed of self-sustained propagation ∼p1/20 .
It is worth recalling in this connection that the same depen-
dence on the oxygen pressure is found when the chemical
adsorption (O2 → O + O) of oxygen atoms at the metal surface
is the rate-determining step of the reaction.19 This circum-
stance might lead to confusion in experimental determination
of the combustion mechanism. In our experiments, however,
the normal burning speed was never less than a few millimeters
per second, just as predicted by the estimate (35). It follows
that the chemical adsorption does not slow down the burning
process.
V. BURNING IN OXYGEN FLOWS UNDER ELEVATED
PRESSURES
Among the factors appearing in the expression (33) for the
normal burning speed, dependence on the oxygen concentra-
tion appears to be the easiest for experimental verification.
However, our experimental setup does not allow apprecia-
ble pressure changes at the oxygen flow speeds higher than
10 m s1. Also, since we are not able to control the azimuth of
the liquid metal flow with respect to the rod axis, only in a few
instances it was possible to obtain a profile view of the metal
flow that would allow the determination of its slope and prop-
agation speed. These are collected in Table I, and Figure 16
gives an example of these determinations. Experimental pre-
cision of each slope or speed determination is about 1%–2%,
but in the absence of statistics for a given pair 30, p0 due to the
reason just mentioned, it is difficult to give an estimate of the
total experimental uncertainty. As to the calculational error, it
is primarily due to the error in evaluating the friction velocity.
It can be roughly estimated by noting that if one admits an
error as large as a factor of two in the boundary layer thick-
ness of the oxygen flow, then the relative error in v∗ for, say,
7 m s1 flow speed is ln 2/ ln(v2∗ d/v0ν0) ≈ 20%. As is seen
from Table I, the calculated and measured values for the normal
burning speed agree within this accuracy.
Significantly larger pressures have been achieved for van-
ishing oxygen flow speed. In this case, however, the process of
TABLE I. Comparison of the calculated (un) and measured (uexpn ) normal
propagation speeds of metal burning at various oxygen flow speeds and
pressures.
30 v∗ uexp ϕexp uexpn un
(m s1) p0 (atm) (cm s1) (cm s1) (deg) (cm s1) (cm s1)
3 8.5 45.6 8.5 78 1.8 1.7
3 11.0 45.6 12.7 79 2.4 2.1
7 6.0 89.5 14.6 80 2.4 2.3
7 8.5 89.5 21.3 81 3.4 3.2
7 11.0 89.5 19.0 77 4.3 4.2
FIG. 16. Measured position of the upper rod end (marks) and its linear approx-
imation (solid line) for oxygen speed and pressure of 3 m s1 and 8.5 atm,
respectively. Inset: determination of the solid–liquid interface slope.
FIG. 17. The time-averaged vertical speed of the upper rod end against
oxygen pressure. Marks represent measured values, line—best fit 〈u〉
= 0.49(p0/patm)0.52. patm denotes normal pressure. Inset: the rod end trajec-
tory in the case p0 = 1.5 atm.
rod regression is more complicated—it is a periodic sequence
of the liquid cap swells and falls along the solid–liquid inter-
face whose inclination is likewise periodic. This periodicity is
illustrated in the inset of Fig. 17 that shows the rod end trajec-
tory. In addition to that, the liquid cap azimuthal motions are
even less regular than in the presence of an oxygen flow. Yet,
this behavior does not preclude completely an experimental
verification of Eq. (35). To test the predicted p1/20 -dependence
of the propagation speed, which is of major interest, we aver-
age u = un/ cos ϕ over time (denoting this operation by angular
brackets)
〈u〉 ≈
√
2(θ − 1)c0g
θfn · 〈√h sin ϕcos2 ϕ 〉 . (36)
In the absence of oxygen flow, the liquid cap geometry is con-
trolled by the gravity and surface tension. Therefore, the last
factor in this expression can be taken as a constant independent
of the oxygen pressure (it can be noted also that the periodic
variations in this term are smaller than the individual varia-
tions in h and ϕ, because the cap thickness grows whenever
the inclination angle decreases so that the two variations par-
tially cancel each other). The measured dependence 〈u〉(√p0)
is plotted in Fig. 17. It is also of interest to make an order-of-
magnitude comparison of the measured and calculated propor-
tionality coefficients in the relation 〈u〉 ∼ √p0/patm [derivation
of Eq. (35) does not permit any more accurate evaluation].
According to the discussion in Sec. IV B, one can expect that〈√
h sin ϕ/ cos ϕ
〉
∼ √d, and the video images of the process
show that the proportionality symbol∼ can be replaced (within
the order-of-magnitude accuracy) with an approximate equal-
ity. For d = 3 mm, Eq. (36) thus gives 〈u〉 ≈ 0.4 cm s1 at p0
= patm, whereas the experimental value is 〈u〉 ≈ 0.5 cm s1.
VI. DISCUSSION AND CONCLUSIONS
The results of our study show that the process of iron and
mild steel combustion is strongly affected by the motions of
ambient oxygen atmosphere: it turns out to be driven by an
axial oxygen flow already at the flow speeds of a few meters
per second. The main reason for this dramatic change in the
combustion regime as compared to the burning in a still atmo-
sphere is the changeover of the oxygen transport through the
liquid metal from ordinary to turbulent diffusion. The small-
scale turbulent motions at the liquid–gas interface enrich the
melt with oxygen which is then rapidly redistributed over the
whole liquid by larger eddies. The rate of metal consumption
is thus controlled by the rate of this enrichment, which in turn
is determined by the oxygen concentration and its speed. This
is quantified by Eq. (33) for the normal speed of the solid–
liquid interface: it is proportional to the oxygen concentration,
and up to a logarithmic factor, to its speed. It is also naturally
in inverse proportionality to the fraction of the metal oxide:
the larger this fraction, the lesser the rate of metal melting is
required to sustain a steady regime of metal combustion. It is
worth to stress in this connection that the process of oxygen
enrichment by the turbulent motions at the liquid–gas interface
is autonomous in that it is independent of the metal consump-
tion rate. It is by this reason that it turned out to be possible to
express the normal speed as a function of the oxygen concen-
tration and its flow speed. This situation resembles that found
in premixed flames with high activation energy of the reac-
tion, in which case the reaction zone within the flame front
is well-known to acquire similar independence of the flame
propagation speed.
The quantitative agreement of the calculated and mea-
sured normal speeds of the solid–liquid interface allows us to
conclude that the theoretical approach developed in Sec. IV C
adequately describes the physics of iron combustion in oxygen
flows.
Formula (18) for the oxide fraction itself deserves further
discussion. The point is that this formula does not involve
the vertical speed u of the interface or any other dynami-
cal characteristic of the sample burning. This suggests that
its validity is not limited by the quasi-steady condition.
Indeed, it is merely an expression of the fact that the front
of combustion—the solid–liquid interface—propagates at a
constant temperature (the metal melting point), and Eq. (18)
just states that (fQ) is the heat needed to preheat and melt
a unit mass of metal. If, for some reason, the actual fraction
would exceed f, an increased heat flux to the solid region would
increase the speed of the interface advancement, bringing more
metal into the liquid flow and reducing thereby the oxide
fraction.
The fact that under the given oxygen-flow conditions, the
normal speed of the solid–liquid interface is a constant inde-
pendent of the interface inclination implies that the vertical
speed of the interface is proportional to the interface area,
S. Indeed, u = un/ cos ϕ = un4S/(pid2). This is exactly the
conclusion of Refs. 37 and 38 that studied the effect of gravity
on iron burning (without oxygen flow). Although the normal
speeds in the two cases are quite different, this suggests that
the existence of a well-defined normal speed (specific to the
given conditions) is a general property of iron combustion.
Once inferred, it can be used to model iron burning with more
complex interface geometry. Typical applied problems would
be the evolution of a hole in an oxygen pipeline or of a small
hole in a high-pressure oxygen container. In the latter case, the
oxygen flow itself is caused by the growing hole so that it will
have to be consistently determined together with the hole size
and its shape.
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